To facilitate detailed studies of androgen receptor, we have produced a full-length receptor protein and some of its deletion mutants in Spodopterafrugiperda (Sf9) insect cells, using the baculovirus expression system. Recombinant baculovirus DNA-infected Sf9 cells expressed these proteins in very high quantities, which represented as much as 30-40% of total insect cell proteinat 72 h after infection. Only <1% of the recombinant protein was soluble in low-salt buffers; the majority formed electrondense cytoplasmic aggregates 30-40 nm in diameter. These aggregates could be solubilized in 6 mol/L guanidine HCI, and biologically active receptor was generated by diluting the guanidine HCI preparation 20-to 50-fold. The full-length receptor, expressed either in a soluble or aggregated form, had characteristics typical of a native receptor: it bound steroids with high affinity and specificity, interacted with DNA in a sequence-specific fashion, and was recognized by domain-specific receptor antibodies. Androgen-receptor protein purifiedto homogeneity in guanidine HCI required the presence of Zn2 ions during the refolding to reconstitute its DNA-binding form; ZnCl2 was not, however, needed to restore the receptor's steroid-binding activity. Our laboratory has adopted the baculovirus expression system (13, 14) to generate a full-length form of this protein in large quantities (15) . Here, we will review our experience with the baculovirus expression system in a large-scale production of the full-length androgen receptor and some of its variant forms, and compare our data with those obtained in other laboratories, who have used a similar approach for a heterologous production of 
Our laboratory has adopted the baculovirus expression system (13, 14) to generate a full-length form of this protein in large quantities (15) . Here, we will review our experience with the baculovirus expression system in a large-scale production of the full-length androgen receptor and some of its variant forms, and compare our data with those obtained in other laboratories, who have used a similar approach for a heterologous production of other members ofthe steroid/thyroid hormone receptor superfamily.
Structural Features of the Androgen-Receptor Protein
Typical structural features of a protein belonging to the steroid/thyroid hormone receptor superfamily are depicted in Figure 1 . The androgen receptor is one of the largestproteinsin this family; its deduced amino acid sequence contains 917-919 residues,from which one can predict a molecular size of ---98 000 Da for the human receptor (16) (17) (18) (19) . The reported sequence for the rat androgen receptor is slightly shorter, 902 amino acids (16, 18). The overall molecular size of an individual member in the receptor superfamily is largely determined by the length of its modulator (or transactivation) domain, also termed the A/B region, which extends from the N-terminus to the beginning of the DNAbinding domain (Figure 1 ). The length of this sequence ranges from '-25 amino acid residues (vitamin glycines in the transactivation domain (6) . The lengths of these segments vary among healthy individuals, indicating that the androgen-receptor protein is polymorphic. The rat receptor contains similar poly(amino acid) motifs, although their positions in the A/B domain differ from those in the human receptor (16,18). Interestingly, X-linked spinal and bulbar muscular atrophy (Kennedy disease), an adult-onset form of motor neuron disease, has recently been found to contain an increased size of the polyglutamine region in the transactivation domain (CAG repeats in the receptor gene) (21, 22) . The amplified CAG repeats were absolutely associated with the disease and were about twice as long in the affected patients as in healthy control subjects (21, 22 This amino acid sequence similarity in the DNA-binding domains and the nucleotide sequence identity of hormone-responsive elements in genes regulated by four different steroids poses an intriguing biological enigma: how are the unique actions of these four steroids actually specified under physiological conditions? In some cases, this may be exerted through the presence or absence of a given receptor; however, a simple abundance of receptor may not suffice in most cases. It is, therefore, logical to assume that an important additional determinant for the hormone specificity lies in the interaction of the A/B domain with cell-and tissue-specific proteins, along with general transcription factors.
The C-terminal domain of the receptor proteins, which encompasses -250 amino acid residues, is involved in the ligand-binding and in the interaction with heat-shock proteins such as hsp90 (Figure 1 ). 
Production of Androgen Receptors In a Heterologous

System
Construction of the Recombinant Baculovirus Strains A full-length rat androgen receptor cDNA was inserted into the baculovirus transfer plasmid pVLl393 by use of the EcoRI and Pst I sites on the multiple cloning sequence as described in detail previously (15) . The transfer plasmid, termed pVXrAR, contained the entire protein-coding region and 32 nucleotides (nt) and 87 nt of the 5'-and 3'-untranslated regions of the mRNA, respectively.
Because the initiation codon for the polyhedrin protein translation is mutated in pVL1393, translation of the RNA encoded by the recombinant baculovirus initiates at the authentic AUG of the coding sequence for androgen receptor mRNA. Recombinant baculovirus DNA (designated AcrAR) was generated in Spodoptera frugiperda (Sf9) cells by homologous recombination with wild-type viral (AcNPV) DNA and pVXrAR DNA by standard techniques (13) (14) (15) . Sf9 insect cells infected with AcrAR DNA for 3-4 days produced extremely high quantities of androgen-receptor protein that migrated on polyacrylamide gel electrophoresis at Mr = 110 000, indicating that a full-length protein was indeed formed in the recipient cells. At the time of peak protein production, the amount of receptor in infected Sf9 cells ranged from 30% to 50% of total insect cell protein (15) . However, only a fraction of the recombinant receptor was soluble upon homogenization of infected Sf9 cells in buffers containing nonionic detergents or moderate salt concentrations, with the soluble fraction representing usually <1% of the total recombinant receptor content (15) 
D3 receptor in insect cells (31).
In addition to the full-length receptor,
we also produced several deletion mutants for the rat androgen receptor cDNA, and generated respective recombinant baculovirus strains for expression of mutated proteins in insect cells. Schematic representation of some of the mutated proteins is shown in Figure 2 . In these experiments, the basic transfer plasmid construct was the same, i.e., the pVLl393 series, and the 5 The presence of Zn2 ions in the dilution buffer used for reconstituting the recombinant receptor from 6 moIIL GdnHC1 was required for the receptor's acquisition of specific DNA binding. The optimal Zn2 ion concentration was -50 imolIL, higher concentrations being inhibitory. Of the several other divalent cations tested, Cd2 ions were as active as Zn2 ions but at -10-fold lower concentration; and, similar to ZnCl2, higher CdCl2 concentrations prevented receptor binding to ARE sequences. As mentioned previously, the DNAbinding domain of all steroid receptors contains two cysteine-rich zinc "fingers," motifs that are required for their binding to the hormone-responsive elements (2) (3) (4) (5) (6) . A recombinant glucocorticoid receptor fragment encompassing the DNA-binding domain (total length: 150 amino acids) purified to homogeneity has been previously shown to ligate reversibly two Zn2 ions (32). Release of the zinc ions from the protein by chelating agents yielded an apoprotein that failed to bind to its target DNA element; the binding was restored by a preincubation with Zn2 or Cd2 ions. Our studies with the full-length recombinant androgen receptor purified to homogeneity in the presence of 6 mol/L GdnHC1 by gel filtration thus agreed completely with the data on the glucocorticoid receptor and indicated that Zn2 ions are essential for folding the receptor from GdnHCl in such a way that it acquires the specific DNA-binding function. In our experiments (15), the optimal ZnC12 concentration of -50 moI/L was one-fifth the optimum An additional criterion to evaluate functional properties of the recombinant receptor is its ability to interact with specific DNA motifs. We have used for this purpose a glucocorticoid-responsive element (GRE) of the tyrosine aminotransferase gene, which has been previously shown to confer androgen responsiveness upon a reporter gene (34) , and an ARE present in the first intron of the rat C3(1) gene (35) . Soluble extracts from' AcrAR- revealed that a partial removal of the A/B domain did not abolish the ability of these variant receptors to interact with specific DNA sequences; however, the apparent affinity of the two mutants for ARE sequences was not as high as that of the full-length receptor (Palvimo et al., unpublished observations) . Properties of the other variant receptors depicted in Figure 2 have not yet been studied in this respect. for the formation of specific DNA-receptor complexes (2) (3) (4) (5) (6) Except for the human and chicken progesterone receptors (39, 40) , all other intracellular receptors expressed in insect cells were able to interact with specific DNA elements in a hormone-independent fashion. The reason for this dissimilarity remains to be elucidated. Possibly there are inherent differences among the members of this superfamily in their activation process, i.e., the mechanisms by which their DNA-binding activity is generated. However, it is equally likely that this disparity relates to the different experimental conditions used in different studies. 
